A novel microchip separation method for microparticles based on electromagnetophoresis was developed. In this method, a double Y-shape microchip with two inlets and two outlets was used for particle separation. Microparticles of two different sizes were suspended in an aqueous solution and introduced into the microchannel from one inlet with a stream of the aqueous solution without particles from another inlet by a hydrodynamic flow. Then, the particles with two different sizes were migrated orthogonal to the flow by elctromagnetophoresis and separated to different outlets based on the difference in their electromagnetophoric velocities, which depended on the size of particle. Using this method, at one outlet, 89% of 3 μm polystyrene latex particles were isolated from a mixture of 3 and 10 μm particles. By combining hydrodynamic focusing, both 3 and 10 μm particles were recovered at the different outlets with 100% purity and recovery, respectively. Even the separation of 3 and 6 μm particles was also achieved with about 98% recovery and purity. Moreover, yeast cells and polystyrene particles could be separated with high separation efficiency by this technique.
Introduction
The size separation and characterization of microparticles, such as cells, biomolecules and polymer particles, have gained increasing importance in many research fields, including for industrial, biological, medical, and environmental applications. [1] [2] [3] Recently, various techniques of microparticle separation, based on electrophoresis, 4, 5 magnetophoresis, 6, 7 dielectrophoresis (DEP), [8] [9] [10] acoustophoresis, 11, 12 dean flow, 13 pinched flow fractionation (PFF), 14 field-flow fractionation (FFF), [15] [16] [17] [18] and split-flow thin (SPLITT) fractionation, [19] [20] [21] have been demonstrated. These techniques have been effectively used for separation in combination with the microchip system. However, these methods sometimes have the inherent limitation of requiring sample preparation steps like the labeling of charge and magneticity.
Additionally, they usually need the characteristic chip design for each method, and thus require complex fabrication processes of microfluidic systems.
To overcome these limitations, we have investigated a separation method for microparticles based on electromagnetophoresis (EMP). EMP, which was proposed for the first time by Kolin in 1953, 22 is a force induced on a particle placed in a magnetic and electric field applied orthogonally. The main advantages of the EMP method are the lack of requirement for a tagging material and its ease of integration with microfluidic systems.
The elimination of sample preparation steps leads to a shortening of measurement time. In addition, electromagnetophoretic migration of particles can be controlled easily by adjusting both the magnetic and electric fields, and the EMP method can be fulfilled with a simple cell compared with DEP, FFF, dean flow, and PFF methods that usually require complex electrode geometry to produce an electric field gradient and/or complicated microchannel design. As a migration method that combines the magnetic field and the electric field, electrophoresis under the magnetic field and fractionation of cells by EMP levitation were reported. [23] [24] [25] [26] However, the EMP technique has not been employed in a microchip system for an analytical purpose.
Recently, we have reported some analytical techniques of micrometer-sized particles based on EMP, such as binding force measurement between lectins and polysaccharides on cell surface and the characterization of adsorbing surfactant on organic droplets. [27] [28] [29] In the present study, we developed a new microchip separation method for microparticles utilizing EMP. For the microchip EMP, electrodes to apply the electric current can be placed outside of the microchip, and the magnetic field is produced easily by a permanent Nd-Fe-B magnet located under the microchip.
Consequently, the EMP method can be performed even in a commercially available microchip, because the electromagnetophoretic force is induced by simple steps described above, while the other microfluidic devices for microparticle separation require a special microchannel or electrode design, and thus complex fabrication process.
In this paper, we present a novel method for microparticle separation using a microchip EMP. In the present experiments, a commercially available double Y-shape microchip, which has two inlets and two outlets, was used. The electric and magnetic fields were applied orthogonally so that the direction of the electromagnetophoretic force acting on particles was orthogonal to the flow direction. Particles of different diameters are injected together from one inlet, experience EMP force whose magnitude depends on the size of particles, and take different position for every size of particles at the outlet.
First, we confirmed the electromagnetophoretic behavior of polystyrene latex particles with diameter of 6 μm in the microchip. Then, we tried the continuous size separation of polystyrene particles with different diameters of 3 and 10 μm using the microchip EMP. Moreover, to improve separation efficiency, the microchip EMP method was combined with hydrodynamic focusing, and then finally the polystyrene particle separations between not only 3 and 10 μm, but also 3 and 6 μm particles were demonstrated. Moreover, the separation between heterogeneous particles close in size to each other such as yeast cells and 6 μm polystyrene particles was attempted.
Principle of Separation by Microchip Electromagnetophoresis
EMP is the migration phenomenon of microparticles suspended in a conductive fluid. When the magnetic field and the electric current are applied to the conductive fluid perpendicular to each other, microparticles experience the pressure mainly generated by Lorentz force exerted on the conductive fluid. Consequently, the microparticles migrate in the opposite direction of the Lorentz force. 22, 30 A schematic of the principle of particle separation using microchip EMP is shown in Fig. 1 . First, media with and without particles are introduced into the double Y-shape microchannel continuously from inlet 1 and 2, respectively. Next, in the separation segment, particles experience the electromagnetophoretic force orthogonally to the flow direction of the medium, which is produced by both applying the magnetic field perpendicularly to a chip-plane and passing the electric current through the fluid parallel to the flow direction. Therefore, particles with larger electromagnetophoretic velocity can be principally led to outlet 2 among particles that are transported from inlet 1 to outlet 1 by the flow with less electromagnetophoretic force. As a consequence, a continuous flow separation is achieved when particles have different electromagnetophoretic velocities.
The electromagnetophoretic velocity, vEMP, is expressed as follows: ) of the particle caused by surface conductivity. 30 Equation (1) indicates that the electromagnetophoretic velocity of particles depends on their size and apparent conductivity, and is proportional to the magnetic flux density and the applied current. Hence, with a constant magnetic field produced by a permanent magnet, particles can be separated based on their size and conductivity by adjusting the applied current.
When particles with different diameters are transported, the larger particles should have larger electromagnetophoretic velocity according to Eq. (1) and thus preferentially flow out from outlet 2. If the electromagnetophoretic velocity, or the applied current, increased further, smaller particles would also begin to flow out from outlet 2. Therefore, by adjusting appropriately the electromagnetophoretic velocity by controlling the applied current so that larger particles mostly flow out from outlet 2 but smaller particles are mainly forwarded to outlet 1, particle separation according to their sizes is to be achieved.
Experimental

Materials
Polystyrene beads (PolySciences Inc., Warrington, PA) with the nominal mean diameter of 3, 6 and 10 μm (2.954 ± 0.052, 5.497 ± 0.168, and 9.977 ± 0.142 μm in exact size, respectively) and common baker's yeasts whose shape was spherical and diameter was about 5 μm were used as separation targets. Potassium chloride (KCl) aqueous solution was prepared with the purified water that was produced by passing it through an EASYpure water purification system (Thermo Fisher Scientific The densities of the polystyrene particle and the solutions were kept almost equal in our experiments so that any influence of the gravitational force was neglected. A surfactant 0.05% Tween 20 (Sigma-Aldrich, Inc., St. Louis, MO) was added to solution to prevent non-specific adsorption both between particles and of particles on the microfluidic devise. The other regents were used as received.
Apparatus and measurements
The microchip electromagnetophoretic apparatus used in this study is shown in Fig. 2 . In our experiments, we used a commercially available double Y-shaped glass microchip (ICC-DY05G; Institute of Microchemical Technology Co., Ltd., Japan) whose channel has two inlets (inlet 1 and 2), two outlets (outlet 1 and 2), and a confluence region of 40 μm height, 160 μm width and 20 mm length. All inlets and outlets had the same width and the confluence region had a center guide at the bottom of the channel for stabilization of the flow. A dedicated microchip holder was used to fix the microchip and connect tubes to the microchip. Inlet 2 and outlet 2 were connected to Ag/AgCl electrodes with a home-made electrode unit made of acrylic resin blocks, in which the flow pass carved in an acrylic block was in contact with the reservoir through a semi-permeable membrane (Membranes for Flow-Thru DIALYZERS, 100 Da MWCO; Harvard Apparatus Inc., Holliston, MA), as shown in Fig. 2(a) . Then an electrode was separated to the flow path by the membrane to apply the electric current to the fluid passing through the microchannel without the influence of the bubble generated at the electrode. A permanent Nd-Fe-B magnet (30 × 10 × 10 mm, NeoMag, Japan) was arranged under the microchip to generate a homogeneous magnetic field of 0.34 T perpendicularly to a chip-plane. A constant-current power supply (CCP500-MR, Takasago Ltd., Japan) was used to apply a current to the fluid passing through the microchannel. A syringe pump (Pump11; Harvard Apparatus Inc.) was used to supply the solutions to the microchannel. The sample and the supporting solutions were inserted from inlet 1 and 2, respectively.
The particles in the microchannel were observed by an optical microscope connected to a CCD camera (VH-5000, KEYENCE Co., Ltd., Japan) and the CCD image was displayed on a monitor and also recorded on videotapes. The distribution of particles (total number: 100 -150) was analyzed by image analysis using ImageJ. Here the channel was hypothetically divided into 20 zones in a lateral direction and counts were performed of the number of particles that passed through each zone along the two measurement lines at the meeting and the branching points of the double Y-shaped microchannel shown in Fig. 2(b) . Since the microchannel width was 160 μm, at the branching point, the particles passed at the lateral zone in the range from 0 to 80 μm were eluted from outlet 1, and the particles passed at the lateral zone that were larger than 80 μm were recovered at outlet 2. All measurements were carried out in an air-conditioned room at 25 ± 1 C.
Results and Discussion
Typical electromagnetophoresis of microparticles in a double Y-shape microchip
First, the electromagnetophoretic behavior of polystyrene particles with a diameter of 6 μm dispersed in 1.16 M KCl solution was observed under the condition of two streams merging in the microchannel of a double Y-shape microchip. Both the sample solution with 6 μm particles from inlet 1 and the supporting solution from inlet 2 were set to flow into the microchannel at a flow rate of 4 μL h -1 (linear velocity of about 500 μm s -1 ). The electromagnetophoretic velocity of particles was measured when the electric currents in the range of 0 to 300 μA were applied. Since the applied voltage between the electrode units separated by about 100 mm was less than 100 V with the applied current of 300 μA, the influence of electrophoretic migration could be neglected. Figure 3 shows the observed elctromagnetophoretic velocities of polystyrene particles with the diameter of 6 μm at various applied currents.
This relationship shows the observed electromagnetophoretic velocity was directly proportional to the applied currents, and the observed proportional constant of 0.076 m s -1 A -1 was almost equivalent to the theoretical value of 0.084 m s -1 A -1 calculated from Eq. (1). 21 These results indicated that the electromagnetophoretic behavior of particles in two streams in parallel was basically in theory and the size-based separation of particles could be controlled by EMP.
Size separation of particles using microchip electromagnetophoresis
The 1.16 M KCl solution including the particles with diameters of 3 and 10 μm was set to flow into the microchannel from inlet 1 at the flow rate of 4 μL h -1 , and the supporting solution without the particles was also induced from inlet 2 at the same flow rate. The electric currents of 0 to 12 μA were then applied, and the lateral position of particles was measured along the measurement lines shown in Fig. 2(b) at the meeting and branching points of inlet and outlet, respectively. When the electric current was not applied, most particles introduced from inlet 1 were transferred along the flow direction in the channel by the stream and eluted from outlet 1 independently of the size due to the absence of electromagnetophoretic force while keeping initial distribution of lateral position. Therefore, as shown in Fig. 4(a) , both of the distributions of 3 and 10 μm particles in the microchannel were spread mostly in the range of the lateral zone of 0 -80 μm at the branching point corresponding to outlet 1 and only about 5% of 3 and 10 μm particles were eluted from outlet 2, respectively. The particle distribution at the meeting point was almost equivalent to that at the branching point (data not shown). This fact indicates that the particles flowed in the microchannel by a laminar flow without the lateral distribution and the turbulence of the flow. Meanwhile, when applying the electric current into the fluid in the microchannel, the polystyrene particles began to elute out from outlet 2 as shown in Fig. 4(b) because the particles were experienced the electromagnetophoretic force at a right angle to the flow. The distribution of particles thus shifted to the larger lateral zone with an increase in the applied current due to the rise of the electromagnetophoretic velocity of the particles. In this case, since the larger electromagnetophoretic force was generated for the larger particles, the shift in the distribution took place preferentially for 10 μm particles rather than 3 μm ones. As a consequence, as shown in Figs. 4(b) and 4(c), the degree of distribution shift of the 10 μm particles was greater than that of the 3 μm particles, and the tendency became more apparent as the applied current increased.
The recovery of the particles at outlet 2, which was the ratio of eluted particles from outlet 2 to all counted particles, was listed in Table 1 . About 66% of 10 μm particles and 10% of 3 μm particles flowed out from outlet 2 when the applied current was 8 μA. When the applied current increased to 12 μA, all 10 μm particles and 11% of 3 μm particles were recovered from outlet 2. Hence, at the applied current of 12 μA, the purity of 3 μm particles that flowed out from outlet 1 attained 100% and 3 μm particles could be isolated from the mixture. However, complete separation and recovery was not achieved. As for 10 μm particles, although the recovery at outlet 2 was 100%, about 10% of 3 μm particles were also eluted. This insufficient separation was thought to be caused by the relatively wide distribution of particles at the meeting point. The particles injected from inlet 1 should spread from the channel wall (0 μm of lateral position) to the center of the channel (80 μm of lateral position) corresponding to the distribution shown in Fig. 4 (a). Because the particle distributions were shifted by EMP orthogonally to the flow with keeping these initial profiles at the meeting point, 3 μm particles introduced near the center of the channel at the meeting point crossed the center position before 10 μm particles introduced near the wall did. Therefore, the overlapping of distribution of 3 and 10 μm particles still remained in the range of 80 -96 μm of lateral position at the branching point even under the optimized conditions in our microchip system. Hence, to improve this insufficient separation, it should be essential to narrow the initial distribution of particles introduced into the microchannel in the range near the channel wall at the meeting point.
Size separation by microchip electromagnetophoresis with hydrodynamic focusing
To narrow the initial distribution of particles in the zone near the channel wall, we tried to combine hydrodynamic focusing, which has often been used by microfluidics, 11 with the microchip EMP. By controlling the flow rate ratio between inlet 1 and 2 so that the flow rate from inlet 2 became larger than that from inlet 1, the particles injected from inlet 1 could be pushed and focused to the microchannel wall by hydrodynamic force. Using the microchip EMP with the hydrodynamic focusing, the separation of particles with diameters of 3 and 10 μm dispersed in 1.16 M KCl solution was examined. The flow rate from inlet 1 to insert the sample solution was 1.33 μL h -1 while that of the supporting solution from inlet 2 was 6.67 μL h -1 . The total flow rate was equal to that of the previous experiment shown in Fig. 4 without hydrodynamic focusing. Under this condition, the throughput was 60 -93 particles min -1 . The position of each particle was measured along the measurement lines both at the meeting and branching points in Fig. 2 when the electric currents of 0 to 9 μA were applied. Figure 5 (a) shows the particle distribution at the branching point of the channel when hydrodynamic focusing was combined but the electric current was not applied. Both of 3 and 10 μm particles were distributed in the range of lateral position smaller than 50 μm, and the distribution of particles was narrower than that without hydrodynamic focusing shown in Fig. 4(a) . Figure 5(b) shows the result of the particle separation at the branching point with hydrodynamic focusing at the applied current of 9 μA. The distribution of 3 μm particles presented at lateral zone less than 80 μm and that of 10 μm particles was in the range larger than 80 μm. In other words, the overlapping between the distributions of 3 and 10 μm particles was dissolved. Hence, both 3 and 10 μm particles were recovered with 100% purity and recovery from outlet 1 and 2, respectively. This result demonstrated that size separation of polystyrene particles between 3 and 10 μm was achieved completely using the proposed method.
We then attempted to separate the 3 and 6 μm particles in which the size difference is still smaller. The operating conditions were the same as those for the separation of 3 and 10 μm particles shown in Fig. 5(a) ; the medium was 1.16 M KCl solution, the magnetic field was 0.34 T, and the flow rate from inlet 1 and 2 were 1.33 and 6.67 μL h -1 , respectively. Because the electromagnetophoretic migration velocity of 6 μm particles was smaller than that of 10 μm particles, a larger current should be needed to elute all 6 μm particles from inlet 2. Figure 6 shows the distribution of 3 and 6 μm particles at the branching point at the applied current of 26 μA with hydrodynamic focusing. Under this condition, 99% of 6 μm particles could be recovered from inlet 2, and 98% of 3 μm particles was eluted from inlet 1. This observation indicated that high separation efficiency could be obtained even for size separation between 3 and 6 μm particles.
The recovery of the particles at outlet 2 by microchip electromagnetophoresis with hydrodynamic focusing is summarized in Table 2 . Using our system, complete size separation between 3 and 10 μm polystyrene particles could be achieved at the applied current of 9 μA, and advanced results were also obtained for size separation between 3 and 6 μm particles at the applied current of 26 μA. The observed results demonstrated that the particles could be separated based on the difference down to 3 μm in diameter by this system utilizing hydrodynamic focusing. The separation efficiency of this technique depends on the difference in the electromagmetophoretic velocities of particles and the initial distribution of particles introduced into the microchannel. When the initial distribution of particles is decreased by half by controlling the flow rate ratio, it will be possible to separate particles with a difference of about 1 μm in diameter, theoretically. Moreover, because 3 μm polystyrene particles were migrated by our system, 3 μm polystyrene particles could be separated from smaller particles by applying the higher current. Since the size of larger particles are limited by the channel size, applicability of particle size of our system might be in the range from 1 μm up to 20 μm. Expected high separation efficiency and applicability of our system were comparable to those of pinched-flow fractionation and SPLITT fractionation. 14, 20 Therefore, it was suggested that this technique could be applied to the separation of various sized microparticles by controlling the applied current appropriately.
Separation between heterogeneous particles by microchip electromagnetophoresis with hydrodynamic focusing
As described above, the separation of polystyrene particles based on their size could be attained by our technique. This separation process will also work for particles of similar size but different apparent electric conductivity due to the difference in the electromagnetophoretic force acting on the different particles. Then, we tried the separation between heterogeneous particles such as yeast cells and 6 μm polystyrene particles based on the difference in their apparent conductivities. The diameter of yeast cells was about 5 μm and close to that of the 6 μm polystyrene particles. The apparent conductivities of polystyrene particles and yeast cells in 1 M KCl solution were 0.019 and 0.075 S cm -1 , respectively. 27, 30 The separation medium was 0.155 M KCl solution, which had an ionic strength nearly equal to an isotonic solution used for the study of biological cells, containing 20% urea in order to match the densities of the polystyrene particles and the solution to prevent the sedimentation of the particles. Moreover, the flow rate was increased by three times for increasing the throughput; the flow rate from inlet 1 and 2 were 3.99 and 16.01 μL h -1 , respectively. The magnetic field was 0.34 T.
The electromagnetophoretic velocity of yeast cells observed in 0.155 M KCl solution containing 20% urea was lower than that of 6 μm polystyrene particles. Therefore, we attempted to recover polystyrene particles from outlet 2 after the injection of both the cells and the particles to inlet 1. Figure 7 shows the Table 2 The recovery (%) of particles at outlet 2 using microchip electromagnetophoresis with hydrodynamic focusing 100% -distribution of yeast cells and 6 μm polystyrene particles at the branching point at the applied current of 200 μA with hydrodynamic focusing. Because the viscosity of the separation medium and the flow rate were increased compared with those for the experiments for the polystyrene particles alone, a high electric current up to 200 μA was needed for the migration of 6 μm polystyrene particles before reaching the outlet. Under this condition, 83% of 6 μm polystyrene particles could be recovered from inlet 2, and 91% of yeast cells was eluted from inlet 1. In addition, because it was confirmed with the staining of dead cells by 0.01% methylene blue solution that recovered yeast cells were viable, damage to yeast cells by the electric current and Joule heating was negligible in our method. This result indicated that the separation between heterogeneous particles could be also obtained with increased throughput. The presence of 6 μm polystyrene particles in the range of the lateral zone of 60 -80 μm was caused by the sedimented polystyrene particles trapped by the center guide at the bottom of the channel. Therefore, by eliminating the influence of gravity completely, the recovery of polystyrene particles from outlet 2 would be improved. In addition, by controlling the applied current, this technique could be adapted to higher throughput. Moreover, since the separation could be achieved using 0.155 M KCl solution without damage to yeast cells, this technique could be applicable for the separation of biological cells. Consequently, it was indicated that microchip electromagnetophoresis was more useful compared to previous techniques such as pinchedflow fractionation and SPLITT fractionation because this technique could be used to separate microparticles based on not only their size, but also their characteristics using the same system without pretreatment and tagging.
Conclusions
We have developed a new method for micrometer-sized particle separation using microchip electromagnetophoresis. By combining hydrodynamic focusing, separation efficiency of this technique could be highly improved. Using this technique, we demonstrated size separation between not only 3 and 10 μm, but also 3 and 6 μm polystyrene particles, with the high separation efficiency. The results confirmed that particles of different sizes could be continuously and accurately separated using the proposed method. Moreover, the separation of yeast cells and polystyrene particles of comparable size was also successful. This indicated that our technique could also be applied to the separation of biological cells by means of a suitable medium. This method worked successfully even with a commercially available microchip, which indicates that it can integrate easily with various types of microfluidic devices; e.g. a microchip with different outlet widths for the control of the fraction volume and a multi-outlet microchip for the free-flow separation technique. In this study, because the lateral position of the particles was observed by the CCD camera, the total flow rate was limited to 20 μL h -1 . Therefore, it is possible to improve the throughput by adopting a high speed camera or other detectors. Microchip electromagnetophoresis is promising for the universal separation of various kinds of particles, such as cells, biomolecules and polymer particles, since the separation principle requires no tagging material.
